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was supported by the Advanced Research Projects Agency of the Department of
Defense and was monitored by ONR under Contract No. N00014-75-C-0078.
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I. INTRODUCTION

The work described in this report is intended to l2ad to the demonstra-
tion of an efficient, fast electro-optic mcdulator based on varying the
coupling between strip waveguides on a common substrate,

We have recently demonstrated optical waveguides and electro-optic wave-
x03 (LNT) on LiTaO

guide modulators using films of LiNbea substrates [1].

The LNT films were conceived and develo;ed at our 1aborat9r?es and show ex-
cellent waveguide and electro-optic properties. The grating modulators already
made using these films have outstanding characteristics.

The method of producing these useful films is simple and essentially con-
sists of depositing a metrallic layer of nlobium into a LiTaO3 substrate and
then diffusing the Nb into the surface. This technique allows a variety of
guiding and planar beam-forming structures tu be preformed in the metallic
film before diffusion. In addition, other complex configurations can be fab-
ricated by combining s=quences of metal depositions ard diffusion steps.

In this program we are attempting to construct and study an electro-
optically controlled strip waveguide coupling modulator capable of efficient
high-speed operation.

Figure 1 is a schematic diagram of an example of the type of device we
are discussing. Our intention is to provide a means of varying the amount of
light coupled from guide a into guide b so that it becomes possible to couple
either none of the light or any desired fraction up to 100%. In this approach,
both a and b are single (TEll) mode guides.

In the interaction region of length L in Fig. 1, the two guides are
brought sufficiently close so that the evanescent fields of the guides overiap
in the gap "g". If the two guides have the same propagation constants, energy
will be cross-coupled between them. Applying a voltage to the balanced
electrodes wil: increase the propagation constant of one guide and decrease
the propagation constant of the other, causing a phase mismatch. If the miwo-
match is sufficiently large, it will prevent light from coupling between the

1. J. M. Hammer and W. Phillips, Appl. Phys. Letters 24, 545 (1974).
J. M Hammer, M. T. Duffy, and W. Phillips, Electro-Optic Waveguides,
Fir .l Report, Office of Naval Research, 30 Aprii 1974, Contract No.
N00Q14-73-C~-0388.
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guides. Near phase match the amount of light coupled per unit length will be
proportional to the departure from exact match and hence to the magnitude of

the voltage. Initial estimates indicate that sufficiently strong mismatch may
be obtained at very low voltage (~2 V or less) to ensure good isolation in the
off ccndition [2]. As with all electro-optic modulators, the speed of chang-
ing coupling will be practically limited by circuit considerations rather than
by the response of the electro-optic effect. Very low drive powers (<10 pw/MHz)
are expected.

In the following a refined theory of the operation of graded index strip
guide is presented, and initial measurements made on an LNT strip guide coupler
are described. Our work on the theory and on the fabrication and measurement
of the devices is still in progress so that the results described here must be
considered tentative.

To prevent unnecessaty duplication of written material we assume that the

reader way refer to our original proposal, which is listed as reference 2.

2. RCA Pronosal PP. 74-124, Channel Waveguide Study, prepared for Defense
Advanced Rescarch Projects Agency, Arlington, Va.; May 6, 1974.




II. THEORY - Analysis of Dispersion in Diffused
Strip Guides with a Gaussian Index Variation

The LNT waveguides which are used in this program have a Gaussian index
variation [3]. Thus, this analysis will be based on an approximate closed-form
solution for the modes nf planar Gaussian index variation waveguide, which we
have .erived based on published solutions for waveguides with exponential re-
fractive index grading [4,5]. This description will be briefly summarized now.
By making a linear fit to the generalized dispersion curve presented by

Carruthers et al. [5] the relationship

én
Nndn b/, = 0.895 (A—n + 0.167) (1)

is obtained where b is the diffusion depth. Equation (1) is a very good
approximation to the dispersion of the lswest order mode of planar (one-
dimensional) exponential guides over the range of index variacions of inter-
est, Figure 2 schematically shows how the index varies in a diffused strip

guide, In Fig. 2,

An

nl-n2
&n

Deff ~ M (2)

where N ogf is defined as the effective index of the TEo mode in the planar

case (a > ), If B is the propagation constant for this mode,

8= 2ol | 3
n(y) = n, + On exp(-y/b) Exponential (4)
n(y) = n, + An exp-(y/b)2 Gaussian (5

3. W. Phillips and J. M, Hammer, "Formation of Lithium Niobate-Tantalate
Waveguides,'" J. Electron. Materials. To be published May 1975. Also,
Confer. on Preparation and Properties of Electronic Materials, Paper F-2;
Sept. 11, 1974, Boston.

4. E. M. Conwell, Appl. Phys. Letters 23, 328 (1973).

5. J. B. Carruthers, I. P. Kaminow, and L. W. Stulz, Appl. Optics 13,

2333 (1974).




;..
|
l

Figure

2.

Representation of variation in refractive index
in an LNT strip waveguide.
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We find that the following substitution in Eq.(l) of the exponential theory

! gives good agreement with the experimentally measured dispersion of our
t diffused (Gaussian) waveguides.

= 1.7 A

nexponential = 1.7 Ang

n
Gaussian

bexponential 2 bGaussian e bg

With this substitution, Eq. (1) becomes

Sn .
\/nzAng bg/)\o = 0.807 ('ATg' + 0.284) (6)

/

e

The values predicted using Eq.(6) agree closely with the results of a computer

calculation for Gaussian waveguides recently reported by Hocker and Burns [6].

The TEo cut-off condition for planar Gaussian guides is obtained from Eq. (6)

by setting &n = 0.

As will be seen below, generalized relations can be obtained by using

normalized dimensions. Define the normalized diffusion depth or guide thick-

ness as

Bg = JnZAn bg/)\o

8

Then Eq.(6) becomes

Sny _ Bg
(Ang) = G857 - 0-284 (8)

Marcatili [7] has analyzed channel or strip guides with step index variation.

He gives an approximate closed-form solution to the dispersion in step index

channel guides. Marcatili's approximation seems to be valid over the range of

6. G. B, Hocker and W. K. Burns, IEEF J.

Quantum Electronics, to be published,
7.

E. A. J. Marcatili, Bell Syst. Tech. J. 48, 2071 (1969).



An's with which we are concerned here. We may write his approximate solution

.21 2
<g_2.) = 1 - 4 58 = q /8 (9)
“/qp 1 2 1 nZAn 1 2
(As * —> Bs * 2 g =+ _)
2z n2-1 V2
where As is the normalized strip or channel width given by

AS = \’nzAns as/)\o (10)

Here the subscript s is used to identify quantities associated with step in-

as

dex variation guides. Equation (9) gives the dispersion of the TEqp mode of
a strip guide with a step index variation.

We now adopt the strategy of finding the thickness bs of a planar step
index guide, which gives the same value of 6n as a planar Gaussian index
guide of depth bg when Ans is taken equal to Ang and (n2)g = (nz)s. We will
then substitute Bg for BS in Eq.(9) to find an approximate dispersion for a
Gaussian strip guide.

As our first step in this procedure, let the width of the strip become
infinite. Thus, we let a, A + ® in Eq.(Y), which now describes the dispersion
for a planar step index guide. Since we are concerned only with the lowest
n- TE° [2].) We obtain,
equating the right side of Eq.(8) to that of Eq.(9) under the conditions

cited above,

mode, we take p = q = 1. (Note that as a + =, TE

s

£ 1 1 20 1
s "w\N 7z, T
B -1 V2

8|1.284 - )

—E_
0.807

The subscript is dropped from An because, as mentioned earlier, Ans is chosen
equal to Ang.

The two-dimensional guides of interest in this program will have widths
(a) at least five t mes larger than their depths (b). Thus, little error
would be expected in using the step index approach to describe the reflections
at the strip edge as compared with using the step index approach to describe
the reflections at the broad interface (see Fig. 2). We will thus use the "A"




pt as indicated below and

9) without essential modification exce

term of Eq.
"R" term. We thus obtain the approxi-

will substitute from Eq. (11) for the

mate dispersion relation

/sn P 2
B) w1 - —By - q7(1.284 - B/0.807) (12)
qp 8(A + ——-)
=
mv2

The subscripts have now been dropped. Note that B is to be taken as the

normalized Gaussian depth and A as the normalized strip width after diffusion.

1f ay {s the width of the Nb strip before diffusion, the width a after
diffusion will be taken as

a=a + 2(b/2) (13)

t Eq.(12) to be reasonably accurate for the TElp modes and, for

modes. This latter fea-

The TE modes
qp

We expec
relatively weak guides, also to represent the TMlp

be discussed further in the next quarterly report.
We expect highest accuracy

It should

ture will
with q > 2 will not be w21l described by Eq.(12).
modes, which are the ones of greatest concern.

An used must always be those appropriate
considered [1].

Values of A as

for the TEll’ TMll
be remembered that the values of n2,

to the polarization and orientation directions being

off is obtained by seiting 6n = 0 in Eq.(12).
cut-off conditions are plotted as

Mode cut-

a function of B for the TEll’ TElZ’ TE13

the solid curves in Fig. 3. The family of curves A vs B with 6n/lOn as

is plotted as the dotted curves in Fig. 3.

parameter for the TE11
des the relation-

the formation of planar LNT wavegui

From our studies of
bium T, and 4n

ship of diffusion depth, initial thickness of metallic nio

has been found [3]. For y-plates, these are (at Ao = 0.6328 um)

0.383 t/b propagation parallel to c-axis

On =
TE s An = 0.188 t/b propagation at 51° to c-axis
Modes l ' *
An = 0.0682 1/b  propagation perpendicular to c-axis (14)
L An = 0.383 t/b any direction on plane (15)
Modes

14
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The diffusion depth b may be found from the temperature and time of
diffusion (3). For a given strip width and initial niobium thickness,
Eqs.(14) and (15) allow the normalized thicknass B and width A to be directly
calculated as a “unction of b.

Taking propagation of a TE mode at 51° to the c-axis in a y-plate we have
calculated A and B as b is varied trom 0.6 to 2.5 Um for the values (in um):
T=20.08, a=6; 1T=0.08,a=10; 1= 0.06, a = 6; and T = 0.06, a = 10.

The curves of A vs B for these cases are shown in Fig. 3 as dot-dash lines.
These curves can be conveniently used to select an operating point. Operating
points for other directions can, of course, be calculated directly, using
Eqs.(14) and (15) as needed.

We should note that the cut-off curves given in the contract proposal [2]
were derived under very reeciricted conditions before the propagation character-
istics of the LNT guides were fully characterized and are ina:curate.

We are continuling our theoretical study and directing our efforts to
obtain an accurate calculation of the coupling coefficients end voltage be-

havior when the strip guides are arranged as directional couplers.

16




IIT. EXPERIMENTAL MEASUREMENTS

Initial efforts have been directed to the production of coupling modula-
tors using conventional photoresist techniques. A dimensioned schematic¢ of
the first mask used is shown in Fig. 4. The initial experimental structure
was formed on a polished y-plate of LiTaO3 using conventional photolithography
as follows: 800 R of Nb is deposited by e-beam evaporation; Shipley AZ1350
photoresist is spun over the Nb, exposed through the mask, and developed. The
Nb is then etched using a mixture of one part buffered HF to one part concen-~
trated HNO3 at room temperature. A photomicrograph of the input section of
the Nb pattern before diffusion is shown in Fig. 5. The entry horn for the
upper strip guide is seen on the left. The abrupt termination of the lower
strip guide should also be noted. 'The Nb is diffused for 2 hr 10 min at 1185°c,
giving a diffusion depth of 1.2 pm. Figure 6 is a photomicrograph of the
coupler after diffusion. The gap between the guides is still clearly wisible,
but it is not possible to determine if the index in the gap region is depressed
to the substrate value or not. Starting with an initial 2-um gan in the Nb,
some overlap would be expected after diffusion.

The guides in this first experiment were placed to run at right angles
to the c-axis of the substrate. For the values used at Ao = 0.6328 ym the TE
mode would be expected to be cut off for propagation perpendicular to the c~
axis. The TM mode, however, will propagate. This may be seen by noting that
from Eq.(14) An = 0.00455, giving B = 0.189. It is clear from Fig. 3 that
this value of B is below cut-off for any A. For TM propaga'ion, however,

An = 0.0255, B = 0.447, and A = 2.23, which will propagate the TMll’ TMlz, and
TMl3 modes.

To observe operation as a directional coupler, light is coupled into the
horn of the upper guide with a SrTiO3 prism coupler. We then observe light
emerging from the horn of the lower guide on the right. Figure 7 is a low-
magnification photograph of tlie coupler in operation.

When an output coupling prism is placed on the horn of the lower guide,
light is coupled out. The ratio of light emerging from the output prism to
light entering the input prism is 0.29, which is a very gratifying transmission.
The emergent light contains a mixture of TE and TM polarization directions.

The degree of admixture is sensitive to the pressure applied to the coupling

17
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Figure 5. Photomicrograph of Nb pattern to form coupler deposited on LiTa04
substrate before diffusion. Nb thickness T = 0.08 um.

Figure 6. Photomicrograph of coupler after diffusion at 1185°C for
2 hr 10 min.

19




Figure 7. Low-magnification photoz-aph of 6328-% light coupled into upper
strip. Prism coupler on left couples light into entry horn for
upper strip. Light emerges from lower strip horn on right and

1s reflected at broken edge of sample, which intersects the
lower horn.

rrism and does not vary strongly as the input polarization direction is varied
from TE to TM. This effect requires further study, but we tentatively con-
clude that the light transmitted and directionally coupled between the two

strip guides is in the TM mode and the admixture of apparent TE-TM is due to

stress birefringence at the coupling prisms.

In order to check the coupling length a photomicrograph of the scattered
light from the strips is taken using a long-focal-length objective, which
gives a scale factor on the photograph of 106 um per cm. The photograph is
shown in Fig. 8. Photodensitometer scans across the streaks are taken at
4-mm intervals along the propagation direction, which corresponds te 40-pm
intervals on the actual guide. The relative intensity Ia(Ia + Ib) is plotted
in Fig. 9. These data are fitted to a sinsz function, giving a critical
coupling length L = n/2k = 0.13 cm.

We thus have observed efficient directional coupling between two strip
LNT waveguides. Additional guides are in preparation. 1In these new couplers

the gap and the orientation will be varied in order to further investigate

and control the coupling characteristics. Photomasks for the deposition of

20




electrodes have also been prepared and will be used to deposit electrodes on

a suitable directional coupler.

Figure 8. High-magnificatior photougraph of portion of directional couvpler.
1 cm on photograpl. corresponds to 100 um on sample. The intensity
of the light traveling from left to right in upper strip diminishes.
The intensity of the ligh- in lower strip increases from left to

right.
1.0 T T T T T T = a— |
%
ce'- L =0.1%cm Ao

Inf{lq"lil

0.4 e -
ozl sin®xx 2
0 | | | A 1 1 l
-60 -40 -20 0 20 20 60 80
. (x 10 um)

Figure 9. Data points - normalized values of plLotodensitometer scans across
coupler taken on copy of Fig. 8. Solid curve fiited to sinZkX plot.

21
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